Structural parameters by Ayala Vallespí, M. Dolors & Vergés, Eduard
Structural parameters
Dolors Ayala and Eduard Verge´s
1 Introduction
The development of the bioengineering field has yield to the apparition of a
new application of the Computer-Aided-Design, Bio-CAD, aiming to the use
of computer models to represent biological samples and methods to simulate
biological processes.
In-silico experimentation is a related term referring to experimentation
performed also on computer models. One of the in-silico experimentation
challenges is to substitute some of the traditional in-vivo and in-vitro exper-
iments.
Samples can be of very diverse kinds as human and animal specimens as
bone, brain, etc, synthetic samples as biomaterials and scaffolds and geolog-
ical samples as sedimentary rocks, concrete, etc.
The methodology involved in the in silice study of these samples is the
same. A non-invasive acquisition method (as CT or MR) is applied to obtain
a 3D image. Then a voxel model is reconstructed and segmented in order
to differentiate the two regions in the sample. This model is then used to
analyze and visualize the desired structural parameters.
Structural parameters allow to measure sample properties as osteoporosis
degree of bones, suitability of biomaterials to be used as implants and trans-
port and distribution of fluids into rocks for petrographic purposes among
others.
1.1 Samples
Samples are normally composed of two phases or spaces named solid and
pore spaces, respectively [13]. Depending on the sample and the structural
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parameter studied one of these spaces is analyzed. However, most method-
ologies applied could work in the same way with both spaces as they have
similar morphologies.
For bone analysis, µCT allows to study the architecture of trabecular
bone. It can be combined with nanotechnology and infrared microscopy
to study physical and chemical properties. This technique allows to ana-
lyze bone quality to evaluate the degree of osteoporosis. Besides the simple
computation of percentage of bone mass in the trabecular bone, more sophis-
ticated studies can be performed analyzing bone morphology and extracting
parameters that are related to biomechanical properties such that stiffness,
strain and stresses.
Biomaterials can be implanted into damaged bones, where they stimulate
bone formation while providing mechanical support. The characterization
of these bioimplants not only depends on the chemical composition of the
bioimplant but also on its topological structure. Specifically, bone ingrown
occurs through the cavities of the implants where blood can flow. Therefore,
the analysis of the pores volume, their distribution and their interconnectivity
is of paramount importance for the design of biomaterials.
Tissue scaffolds play important roles as extracellular matrices into which
cells can attach, grow and form new tissues. Several characteristics of tissue
scaffold are necessary. There are biological requirements to facilitate cell at-
tachment and growth, mechanical requirements as stiffness and strength and
anatomical requirements to give the appropriate geometric size. A library of
CAD-based scaffold unit cells can be used [61][62].
Besides biologic materials, in the geology field materials as sedimentary
rocks, sea ice and concrete, among others are also studied in terms of similar
properties. The pore space geometry and connectivity of a rock allows to
simulate the fluid transport inside it and its distribution in the pores of a
gas or oil-bearing rock [54]. Brine inclusions in sea ice can be formalized in
terms of its morphology and connectivity [15]. The durability of cementitious
materials is associated to mechanical and transport properties which can be
evaluated from the pore network and pore size distribution [59].
1.2 Capturing methods
The images of the corresponding real samples are obtained by means of non-
invasive methods. The most popular are CT and MRI that can be used with
resolution of microns: µCT and µMRI and obtained from a synchrotron.
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Other usual technologies are optical microscopy, SEM (scanning electron
microscopy), and LSCM (laser scanning confocal microscopy). Other kind
of capturing methods are small-angle X-ray scattering [19] and FIB (focused
ion beam) [63] which are able to capture data at nano resolution.
After the capturing method, reconstruction and segmentation processes
are applied giving a binary volume model.
There are approaches that, instead of using experimental acquisition, gen-
erate synthetic samples. Virtual concrete can be obtained with random se-
quential (particle) addition [60] while other kind of materials can be simulated
with stochastic reconstruction [22].
1.3 Report organization
In this work we present a classification of bibliography related to the com-
putation of structural parameters. It focusses mainly on methods for the
computation of porosity and connectivity based on geometric and topologic
studies.
We use the following concepts to classify the reviewed bibliography:
• parameters computed. See Section 3 for a complete list of parameters
analyzed
• samples addressed or used as test. Kind and description of the samples
analyzed.
• capturing method.
• centerline: The proposed method can use a 1D skeleton, 2D skeleton
or not
• pore definition: The proposed method is based on a definition of the
pores or, alternatively, the resulting pores can be described in terms of
its shape or other characteristics.
• network: The proposed method generates a network (normally repre-
sented by a graph) or not
This report is organized as follows. The following section includes a gen-
eral terms glossary and the next one defines the structural parameters con-
sidered and establishes several classification concepts. Section 4 overviews
related published works and classifies them using the previous concepts.
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2 Glossary
Biomaterial Synthetic or natural material that serves as a support for tis-
sue regeneration. Biomaterials need to fulfill basic requirements as
biocompatibility and mechanical properties. Additionally they can be
biodegradable, porous and have bioactive properties.
Bio-Computer Aided Design (BioCAD) The use of CAD techniques to
analyse the structure of bio-related materials or to simulate, design and
manufacture them.
Cancellous bone: also named trabecular or spongy. A type of osseous
tissue with a low density and strength but very high surface area, that
fills the inner cavity of long bones. The external layer of cancellous
bone contains red bone marrow where the production of blood cellular
components (known as hematopoiesis) takes place. Cancellous bone is
also where most of the arteries and veins of bone organs are found.
Computed Tomography (CT) A medical 3D imaging device where sev-
eral X rays images are combined to digitally reconstruct the 3D model.
This method, that uses ionizing radiation, provides a good view of hard
tissues like bone.
Confocal Laser Scanning Microscopy An imaging device used in life
sciences or semiconductor inspection, where a laser beam passes through
an aperture flooding a fluorescent specimen and the emitted light is de-
tected with a photomultiplier and recorded with a computer.
Cortical bone: a type of osseous tissue, forming the hard outer layer of
bone organs.
Granulometry: Morphological method that applies an opening distribution
by structuring elements of increasing size in such a way that regions are
successively removed that contribute to the size range between the last
two element sizes. This method allows to obtain a pore-size distribution
[59].
in-silico A neologism regarding scientific studies and experimentation per-
formed by computer means.
in-vitro Refers to the experiment performed in a controlled environment.
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in-vivo Refers to the experiment performed in a living organism.
Magnetic Resonance Imaging (MRI) Amedical 3D imaging device that
provides images of the body, with a good view of soft tissue, in any plane
using powerful magnetic fields (it does not use ionizing radiation).
Marching Cubes One of the most popular algorithms for the extraction of
isosurfaces from a voxel model.
µCT, microCT A CT with pixel resolution with a micron size or smaller.
3D MIL: mean intercept length method. Method to measure bone archi-
tectural anisotropy. It counts the number of intersections between a
linear grid and a two phases interface as a function of the grid’s 3D
orientation.
MIP: mercury intrusion porosimetry. Experimental technique that allows to
compute the pore-size distribution of the pore space. It consists in in-
truding mercury in the sample at successive increasing pressures (which
are related to the radius by the Washburn equation) and compute the
corresponding incremental volumes. It obtains a radius-volume curve.
Osteoporosis: combination of low bone mass and bone structure alter-
ations.
Stereology: mathematical sciences of predicting 3D quantities by measur-
ing 2D quantities.
Scaffold: extracelular matrices onto which cells can attach, grow and form
new tissues.
Scaffold An artificial structure capable of supporting 3D tissue formation,
and where cells are seeded.
Skeleton A geometric construction that reduces 3D shapes (volumes) to
2D or 1D shapes. Besides thinnes, the desired properties of skeletons
with respect to the original shape are: centrality, homotopy and recon-
structability.
Synchrotron beam Provides high-quality images using synchrotron radia-
tion (high energy charged particles through magnetic fields accelerated
near the speed of light).
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SEM: Scanning Electron Microscopy.Microscopy technique that uses an elec-
tron beam rather than light
3 Structural parameters
In this section we describe structural parameters found in the reported bib-
liography. Both sample spaces, solid and pore, can be analyzed in terms of
these parameters. Although we are focused on parameters and methodolo-
gies that use the 3D volume model, we also include some parameters that
had been traditionally computed using 2D methodologies applied to one or
several slices (conventional stereologic or histologic 2D methods).
Parameters computed with 2D methods:
Solid density or trabecular volume fraction: solid volume (SV ) to to-
tal volume (TV ), VV = SV/TV (%).
Porosity (global porosity): 1 − SV/TV = PV/TV , PV is the pore vol-
ume
Effective porosity: EPV/TV , EPV is the effective pore volume, i.e., the
volume of the pore space connected to the exterior (the part of the pore
space forming cavities is not considered)
Specific surface area: solid surface (SS) to volume SS/TV (mm−1)
Parfitt’s parameters: or metric architectural parameters (applied to bone
samples)
trabecular thickness: Tb.Th (µm): thickness of trabeculae
trabecular number: Tb.N (mm−1): number of trabeculae
trabecular separation: Tb.Sp (µm): thickness of the complement of
trabeculae (marrow cavities))
Trabecular bone pattern factor: TBP = (P2−P1)
(A2−A1)
, P and A being re-
spectively the perimeter and area of a region of interest and the same
region dilated 1 pixel. This parameter measures the convexity (high
TBP) versus concavity (low TBP) and it is inversely proportional to
the connectivity [7].
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Marrow star volume: mean volume of bone trabeculae that can be seen
unobstructed with a given radius. This parameter is also inversely
proportional to the connectivity [7].
Parameters computed with 3D methods:
The parameters bone density, porosity, specific surface area and the
Parfitt’s parameters are also computed directly from 3D images, giving better
estimations.
Anisotropy: Let alpha be a property of interest, if it does not change with
orientation, the material is isotropic and if it does change, the mate-
rial is anisotropic. If alpha is considerably larger (or smaller) in one
orientation, ω, than in any other orientation and is constant for ro-
tation around ω, then the material is transversely isotropic. If there
is a main orientation and alpha has a maximum and a minimum in
a plane perpendicular to this main orientation, then the material is
orthotropic. Volume-based anisotropy measurements include the vol-
ume orientation (VO), the star volume distribution (SVD) and the star
length distribution (SLD) See Sections 4.4 and 4.21 [39].
Connectivity density: β1 (topologic parameter): It can be estimated from
the Euler characteristic, χ, which can be expressed as: χ = β0−β1+β2.
βi is the ith Betti number. β0 and β2 are associated to the number of
connected components and β1 to the connectivity (number of inde-
pendent tunnels). χ can be computed from a voxel model with the
following expression χ = n0 − n1 + n2 − n3, n0, n1, n2 and n3 standing
respectively for the number of vertices, edges, faces and voxels. It can
also be computed from a polyhedron as χ = V − E + F − R, V,E, F
and R are the number of vertices, edges, faces and internal rings of
faces, respectively, of the boundary of the polyhedron [34]. This last
expression conveniently simplified can be applied to a triangulation:
χ = V −E+T , T is the number of triangular faces. χ is also expressed
as χ = 2(S − g),[34] S is the number of shells, i.e. number of sets of
connected faces and g is the genus, and, therefore,β1 is related to the
genus. See Section 5.1.
Coordination number: The pore space can be represented as a network
of connected pores, i.e., as a graph G(V, E) in which V is the set of
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pores and an edge exists between any two neighboring pores. In this
case, the coordination number is the number of pathways of a pore
(number of edges of a vertex). The coordination number is related
to the connectivity with the expression β1 = Z3/2 − 1, Z3 being the
average coordination number of pores with coordination number Z ≥ 3
[22].
Curvatures: Mean (H) and Gaussian (K) curvatures can be computed from
the surface area of the ROI and of its dilation. The mean curvature
can be associated o the SMI while the Gaussian curvature is associated
to the connectivity. See Section 4.13.
Mean trabecular volume, MTV: Is defined as SV
β1+1
. See Section 4.21.
Mechanical properties: (stiffness, strain and strength). They are mea-
sured by applying FEM (finite element mesh) methods to the model
obtained by µCT imaging which enables to simulate the mechanical
behavior in silice [24]. They also can be estimated from the topological
analysis of the skeleton. See Section 4.25.
Permeability: To compute this parameter a previous graph representation
of the pore space has to be devised. A simulation is performed using
this graph that allows to compute individual pressures at each node
(pore) and the total conductivity and permeability of the sample. A
permeability tensor is defined by computing the permeability in the
three main directions. In general nodes are associated with cylindrical
shapes in order to apply the Poiseuille law. See Section 4.6.
Pore Interconnectivity: degree to which pores are connected to each other
and to the exterior of the sample. It can be computed as EPV/PV
Pore Size: To determine pore sizes, a pore space partition is required that
can be obtained from a graph representation of this space. Pore sizes
are represented with an histogram relating pore sizes with its corre-
sponding volume.
Rod/plate ratio: Applied mainly to bone samples, represents the solid
space (bone structure) with linear (rod) and plane (plate) elements.
When there are more linear elements it indicates low density and when
8
there is mainly composed by plate elements, it indicates high density,
i. e. healthy bone
SMI: structure model index SMI = f(SV, SS) computed by applying a
differential analysis of the triangulated sample surface. It characterizes
the amount of plate/rod elements. See Section 4.13.
SMI plate/rod
0 ideal plate
3 ideal rod
4 ideal sphere
The structural parameters that require more complex methods to be an-
alyzed are the connectivity density and those related to the morphology of
the pore space that allow to compute pore sizes distribution, coordination
number and permeability.
The connectivity density allows to evaluate biomechanical properties of
samples and is related to its genus which can be obtained from the Euler
characteristic.
To compute pore size and permeability a whole model of the pore space
has to be computed that normally consists on a graph or network and the
methods to obtain it are based in a previous computation of a 1D or 2D
skeleton. In the case of bone samples, a graph of the solid (bone) space is
also useful to evaluate mechanical properties.
4 Bibliography
4.1 Pore network synthetic model
The approach presented by Acharya et al. [1] is the generation of a geometric
(conceptual) model representing the pore space as a network with pore bodies
as nodes and bonds between them as arcs (HYdraulic POre Network model,
HYPON). Pore bodies are spheres of random radii, that are equally spaced
in 3D. The radius of any such spheres cannot exceed of half the distance
between pore bodies. Any bond is the union of two truncated cones. The
part of widest size of any cone touches respectively one of the two connected
pore bodies. The part of narrowest size of both cones converges in the middle
of the bond and constitutes the throat. Using this network, the permeability
can be computed numerically and also analytically
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• parameters computed: permeability
• samples addressed or used as test: synthetic samples
• capturing method: any
• centerline: any
• pore definition:spheres of random radii, equally spaced in 3D
• network: 223109 pore bodies arranged in a 101× 47× 47 grid
4.2 Molecular models
Bajaj et al. [2] present a data structure named “Dynamic Packing grid”
(DPG) for maintaining and manipulating molecular models. This structure
consists of a set of balls given by its center and radius. Besides the common
update operations of add, remove and move, four queries can be applied to
this data structure: intersect, which returns all balls that intersect with a
given one; range, which return balls within a given distance of a given point;
exposed, which returns true if a given ball contributes to the boundary of
the set of balls; and surface, which returns the boundary of the set of balls.
• parameters computed: surface geometry, surface area, volume
• samples addressed or used as test: synthetic samples
• capturing method: any
• centerline: any
• network: balls are stored in a 3D grid with cells of size 2rmax, rmax
being the maximum ball radius
4.3 Granulometry compared with two other methods
Cnudde at al. compare and combine the results of three methods in [6]:
data from µCT, water absorption and mercury intrusion porosimetry (MIP).
The µCT data is analyzed with a 3D software µCTanalySIS. The pore-size
distribution is obtained applying a granulometry based method.
The porosimeter used can detect pores ranging from 10nm to 60 µm
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• parameters computed: porosity, pore-size distribution, orientation of
pores
• samples addressed or used as test: concrete and stone specimens. Size
of samples is 10mm diameter and 1cm high. Voxel size 10µm
• capturing method: µCT (Skyscan 1072)
• centerline: any
• network: any (granulometry based method)
The µCT samples were analyzed with a 3D software µCTAnalySIS.
The MIP device used can detect pores ranging from 10nm to 60µm, the
water absorption method obtains pores larger than 100µm and the µCT de-
tects pores from 10µm. There is an underestimation of large pores and over-
estimation of small pores by MIP with respect to the µCT based technique
which is a direct consequence of the ink-bottle effect of the MIP technique.
On the other side, the granulometry method applied detects all pores, includ-
ing those in internal cavities (corresponding to non effective porosity) and
this explains the overestimation of pores larger than 10µm obtained with the
µCT based technique.
In a previous work [58] the same software µCTAnalySIS has been used to
analyze wood vessels anatomical characteristics. They determined the inner
vessel diameter, the transverse cross-sectional surface area of the vessels,
the vessel density and the porosity. These measurements are obtained by
studying 2D sections of the captured sample and the technique applied is
simple pixel counting.
• parameters computed: porosity, vessels characteristics orientation of
pores
• samples addressed or used as test: sample sizes: 5 × 5 × 25mm with
voxel size 10 µm
• capturing method: µCT
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4.4 Structural parameters computation
In his thesis Cleynenbreugel [5] studies several properties for bone scaffold
design: porosity, pore interconnectivity, permeability, pore size, connectivity
density and anisotropy.
For pore size, a pores graph is constructed. First the skeleton of the
pore space is extracted which is defined as the centers of all maximal spheres
inscribed in the pore space (they do not specify which method use to compute
the skeleton). Then the pore space is filled with spheres centered on the
skeleton points in the following way. First the largest non-overlapping spheres
are added, then the smaller ones are added until the whole skeleton is covered.
In a next step all spheres are inflated simultaneously in the pores until all
points in the pore space belong to a pore (i.e. a deformed sphere). Since
every added sphere represents a pore, the diameters of the spheres serve as
a measure for the pore sizes.
Connectivity density is computed using the Euler formula with the voxel
model.
This work also focusses on the anisotropy of mechanical properties as stiff-
ness. To evaluate the anisotropy, the star length distribution (SLD) is used.
This method consist on randomly placing points on the structure and for
each point in the phase of interest the method computes the intercept length
through the point for several (in general six) orientations. This method yields
more exact description of the mechanical properties of porous structures than
other anisotropy measures.
• parameters computed: porosity, pore interconnectivity, permeability,
pore size, connectivity density, anisotropy
• samples addressed or used as test: bone scaffolds. Sizes: 80×140×140
with voxel size 13µm and 2563 with voxel size 22µm.
• capturing method: µCT
• centerline: 2D skeleton
• pore definition: deformed (inflated) spheres
• network: G(V,E), V being the pores and E, links between pores
12
4.5 Bone microarchitecture
Cortet et al. [7] present a comparative study of the computed parameters
trabecular bone pattern (TBP) and marrow star volume (MSV) with different
samples.
• parameters computed: TBF, MSV (related with connectivity)
• samples addressed or used as test: human bones
• capturing method: CT, mCT, MRI
4.6 Pore network modelling
The goal of the work of Delerue et al. [9][10][8] is to obtain a network repre-
senting the pore space. They apply their method to soil samples as Vertisol
[10] or sandy loam soil [9] as well as to samples of textile reinforcements [8].
Vertisol is a soil in which there is a high content of expansive clay known as
montmorillonite that forms deep cracks in drier seasons or years. Vertisols
typically form from highly basic rocks such as basalt.
The method divides the pore space into regions “tube” like in order to
apply Poiseuille’s law. They use an skeleton that allows to compute an aper-
ture map (AM) which assigns to each voxel the radius of the maximal sphere
that contains this voxel. After that, they use an spheres based approach to
segment the pore space into pores which are the nodes of the graph. Edges
of the graph represent neighboring relations between pores. The skeleton
is computed with a method based on the Voronoi diagram which uses the
voxels on the boundary ([76]).
Then, this graph is used to compute the permeability of the sample.
The Poiseuille’s law allows to compute the conductivity of a cylinder (L, r):
q = pir
4∆P
8µL
= k(L, r)∆P , where q is the flux, µ is the viscosity of the fluid
and k(L, r)) is the conductivity. The hydraulic conductance between each
pair of pores is computed, by analogy with resistors in a Kirchoff network,
as: 1
K1,2
= 1
k1
+ 1
k2
. With these expressions, a linear system of equations can
be formulated taking into account that the sum of fluxes at each node is zero.
Solving this system, the pressures at each node are obtained as well as the
global conductivity and permeability. To apply this method they consider
a set of entrance nodes and exit nodes with the corresponding pressures. A
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permeability tensor is obtained computing the permeability in the three main
directions.
• parameters computed: pore size distribution, hydraulic conductivity,
permeability
• samples addressed or used as test: soil (Vertisol, sandy loam soil), size:
100× 200× 20 with voxel size: 100 µm; sample of glass laminate, size
350× 300× 110 with voxel size: 20 µm
• capturing method: µCT.
• centerline: 2D skeleton
• pore definition: connected cluster of voxels of the pore space limited
by, at least, two boundaries of the solid space, such that all voxels have
the same local aperture (size of the maximal ball included in the void
space and including the voxel). For the permeability study, pores are
considered as cylinder-shaped.
• network: G(V,E), V being the pores (its center of gravity) and E, links
between pores
4.7 Digital images of porous material
There is a description of how digital images of porous material can be ana-
lyzed to give information of structural parameters in the report presented by
Garboczi et al.[13].
A porous material is a kind of solid material with holes in it. Holes are
small enough compared to the size of the material and must be uniformly
distributed.
The topology indicates how the pores are connected. There can be pores
completely isolated and then the shape and size of individual pores is studied.
But the pores can be connected and even they can constitute a unique large
pore. In this case, the concept of throat is relevant.
Intrusion porosimetry measures pore throat size distribution. They apply
virtual porosimetry. For each pressure in ascending order, P , 3D rasterized
spheres are put in the pore phase from the outside and moved around to
cover as much volume as possible.
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• parameters computed: porosity, surface area, pore connectivity
• samples addressed or used as test: general porous material
• capturing method: any
• centerline: any
• pore definition: the amount of porous space reached by each pressure
defines a pore
• network: G(V,E), V being the pores, considered as cylinders and E,
links between pores
4.8 Topological analysis
The goal of the work of Gomberg, Saha et al. in [16] and [51] is the computa-
tion of connectivity density by obtaining a plate/rod model. They compute
first a 2D skeleton using a thinning topology preserving approach presented
in [50], then compute the number of objects, tunnels and cavities and, from
them, apply a topological classification of voxels and count the number of
each type: isolated, curve-edge, curve-interior, surface-edge, surface-interior,
surface-surface, surface-curve and curve-curve as shown in [49].
From this classification, voxels are labelled as curve, surface and junction
which allow to analyze the bone architecture as a plate/rod model and to
predict the Young’s Modulus. This method is also used to evaluate the degree
of osteoporosis [72]
• parameters computed: connectivity density
• samples addressed or used as test: human trabecular bone. Size: 512×
256× 32 with voxel size 137 µm
• capturing method: µMRI
• centerline: 2D skeleton
• network: any
15
4.9 Drainage simulation with a granulometry approach
Hilpert and Miller [20] apply a granulometry based approach to simulate
drainage of a wetting phase. The successive openings are performed with
a set of digital spheres, S, as structuring elements, that fulfill the property
S(D) ⊂ S(D+1). The spheres decreasing diameter corresponds to increasing
capilarity pressures. They use synthetic glass and sand samples obtained
from a random sphere packings approach [75]. The resulting models are
binary digital representations up to size 8003. The simulation results are
compared with experimental ones obtaining good agreements.
• parameters computed: coordination number, size distributions of pore
bodies and pore throats
• samples addressed or used as test: synthetic glass and sand samples.
Sizes 2003, 4003 and 8003.
• capturing method: any
• centerline: any
• network: any
4.10 Pore morphologies in nanoporous thin films
Hedstrom et al. [19] describe a method that uses small-angle X-ray scattering
data. This method obtains a representation with nanometer sized pores that
can be visualized. It also allows to evaluate pore size and interconnection.
The methodology applied is visual analysis.
• parameters computed: pore morphology, pore size and interconnectiv-
ity
• samples addressed or used as test: polymer blends, microemulsions,
gels.
• capturing method: small-angle X-ray scattering. Resolution at nano
scale.
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4.11 Sthocastic porous media
Simulated porous media can give close agreement with real datasets with
respect to geometric and topological characteristics [22]. In the work of
Ioannidis et al., several pore space models are generated with a sthocastic
simulation scheme. Then the pore space is partitioned with a multiorienta-
tion scanning algorithm and the attributes as pore volume, neck area and
coordination number are computed.
The multiorientation scanning technique performs a scanning of the model
in nine directions: three orthogonal and six diagonal. Each scanning pro-
duces a list of potential necks by identifying local minima in the cross-
sectional area of overlapping 2D features.
• parameters computed: pore volume, neck area and coordination num-
ber
• samples addressed or used as test: Berea sandstones. They do not
specify the size.
• capturing method: no capturing method, stochastic simulations
• methodology: multiorientation scanning technique
• centerline: any
• pore definition: portions of the void space confined by solid surfaces
and planes erected where the hydraulic radius of the pore space exhibits
local minima [11]
• network: G(V,E), V being the pores andE, links between pores (necks)
4.12 Bone tissue quality
A global study of bone parameters is presented by Judex et al. [24]. These pa-
rameters allow to evaluate bone morphology: trabecular connectivity, cross-
sectional geometry and longitudinal curvature; the tissue’s material physical
properties as stiffness, strain and strength, as well as chemical properties as
ratio of calcium, porosity and permeability. They can be computed with
mixed technologies as µCT and infrared spectroscopy. This paper discuses
all these factors and how they contribute to the bone quality evaluation and
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describes several techniques, in silice studies as well as other techniques to
evaluate chemical and physical properties.
• parameters computed: bone volume, tissue volume, bone surface, SMI,
connectivity
• samples addressed or used as test: bone tissue
• capturing method: µCT
4.13 Surface curvatures
Surface curvatures are used to quantify the SMI parameter and the connec-
tivity by Jinnai et al. [23]. In this work, the mean curvature, H is associated
to the SMI which allows to quantify trabecular bone structures as plate-like,
rod-like, or a mixture, by the expression: SMI = 12 < H > ∗BV/BS (BV is
the volume and BS the surface area). The Gaussian curvature, K is related
to bone connectivity by the Gauss-Bonnet theorem of differential geometry
2 ∗ PI ∗ χ =< K > ∗BS (χ is the Euler-Pointare characteristic).
The surface curvatures are computed from the variation of surface area
by parallel displacement of d units, S(d) = S(0)(1+2 < H > d+ < K > d2).
• parameters computed: SMI, connectivity (from mean and Gaussian
curvatures), plate/rod model
• samples addressed or used as test: trabecular bone. Size: 2003 with
voxel size 25 µm
• capturing method: µCT
4.14 Betti Numbers applied to triangulated surfaces
Hamann et al. compute the connectivity of a triangulated surface using
a methodology based on Betti numbers [27]. The Euler-Pointcare charac-
teristic, χ can be computed from the sequence of Betti numbers as: χ =
β0 − β1 + β2.
β0 is the number of connected components and is computed from the
vertices (V) and edges (E) of the triangulation, β0 = #V −#E
′ (edges that
do not form cycles). β2 is the number of closed components and is computed
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checking if the components are closed. The Euler-Pointcare characteristic
is computed from the triangulation, χ = V − E + T , (T: triangles) and,
finally, the connectivity, β1, is computed from the Betti numbers expression,
β1 = β0 + β2 − χ.
• parameters computed: connectivity (from the genus of a triangulated
surface)
• samples addressed or used as test: Laplacian of the electron density
field of adenine, Laplacian of water. Sizes are not reported.
• capturing method: X-ray diffraction (non-destructive analytical tech-
nique that finds the geometry or shape of a molecule using X-rays)
4.15 Orientation distribution function
Anisotropy can be evaluated in different ways depending on the morphology
of the samples. Kinney et al. [25] compute a distribution of the mass and
thickness of trabeculae depending on their orientation, for several samples of
human vertebrae. To do so they compute a curve skeleton that is interpreted
as a graph using the 3D-LSGA (3D line skeleton graph analysis) methodology
(see Section 4.25). It also computes the connectivity from the voxel model.
• parameters computed: orientation (mass, thickness) of trabecular bone,
connectivity
• samples addressed or used as test: human L1 vertebrae Sample size
and resolution are not reported.
• capturing method: µCT synchrotron radiation
• centerline: 1D skeleton using method 3D-LSGA
4.16 Representation of 3D pore morphologies
Lee et al. [28] present a visualization method for a special kind of samples
(high-pressure die-cast AM50 Mg alloy) which present two types of pores at
two different length scale (gas pores of 50 µm and shrinkage pores of few
µm). They perform a visual analysis.
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• parameters computed: representations of 3D pore morphologies, poros-
ity distributions
• samples addressed or used as test: high-pressure die-cast AM50 Mg
alloy
• capturing method: optical microscopy with pixel resolution 1 µm
• pore definition. Two types of pores gas (air) and shrinkage pores which
are at different length scales and shrinkage pores are also interconnected
• network: any
4.17 Pore space partition
In the work presented by Liang et al. [30], the pore space is partitioned into
nodal pores separated by throat cross-sectional surfaces (necks).
After computing a 1D skeleton with a thinning algorithm that preserves
connectivity [33], necks are identified by absolute minima. Necks are sets of
voxels with surface morphology that will allow to separate the pore space
into pores. A pore will be identified as a region of void voxels bounded by
solid voxels (boundary of pore space) and neck voxels.
• parameters computed: pore network
• samples addressed or used as test: phantom of size 803 and Berea
sandstone generated stochastically of size 2563
• capturing method: synthetic samples obtained by stochastic recon-
struction
• centerline: 1D skeleton
• pore definition: partition of pore space into clusters: void voxels bounded
by solid voxels (boundary of pore space) and neck voxels. Necks are
identified by absolute minima in the 1D skeleton.
• network: G(V,E), V being the pores and E, links between pores
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4.18 Porous media 3D geometry
Lindquist et al.[31][32] compute a model of pores and necks or throats. From
an initial 1D skeleton, a graph is created where the nodes correspond to
the pores and edges to the necks. To compute the 1D skeleton, they use a
thinning approach [29] with minor changes.
• parameters computed: pore network, coordination number of a pore
• samples addressed or used as test: Fontainebleau sandstone and basalt.
Size: 2563 with voxel size 6 µm
• capturing method: Synchrotron microCT
• centerline: 1D skeleton
• pore definition and network: edges of the graph are dilated and corre-
spond to throats. Vertices grow until they reach neighboring throats.
4.19 Characterization of bone architecture
Martn-Badosa et al. [36] compute several parameters to evaluate the osteo-
porosis degree in mice bone samples.
• parameters computed: BV/TV , BS/BV , Parfitt’s parameters: Tb.Th,
Tb.N, Tb.Sp, connectivity (computed from Betti numbers and sums of
elements (v, F, E, V) in the voxel model).
• samples addressed or used as test: femur of mice submitted to hind
limb unloading through tail suspension. Size: 512 × 512 × 600 with
voxel size between 1 and 10 µm
• capturing method: synchrotron radiation µCT at ESRF (ID19)
4.20 Pore space approximation
Monga et al. present an approach [37] that approximates the pore space by
a graph of unions of cylinders or unions of bowls with a controlled error.
The method formally describes a volume family of simple, convex, quadratic
volume primitives such as bowls and cylinders and how to approximate a
volume model with a family of cylinders or a family of bowls. In both cases
21
they need to compute the skeleton of the pore space. They obtain a 2D
skeleton based on a 3D Delaunay triangulation [14], in which the centers of
the Delaunay tetrahedra constitute the approximation of the skeleton.
• parameters computed:
• samples addressed or used as test: acidic loam soil, size: 512×512×79
with voxel size 0.41 mm and recomposed soil, size: 512 × 100 × 100
with voxel size 0.024 mm
• capturing method: CT
• centerline: 2D skeleton
• pore definition and network: the pore space is represented as a union
of cylinders or bowls. Any network is computed.
4.21 Three-Dimensional methods for quantification of
cancellous bone architecture
Odgaard et al. [40] present a method to compute the connectivity, based
on the Euler characteristic of a voxel model and in [39] other parameters
are computed as mean trabecular volume and mean marrow space volume,
which are related to the connectivity and density.
In [39] the anisotropy parameter is addressed in terms of orientation of
trabeculae. They consider MIL based methods and contribute with other
methods that consider local volume orientations and length and volume dis-
tributions.
• parameters computed: connectivity (computed from Betti numbers and
sums of elements (v, F, E, V) in the voxel model), trabecular thickness,
mean trabecular volume and mean marrow space volume, anisotropy
related parameters
• samples addressed or used as test: bone (they do not specify size and
voxel resolution of the samples)
• capturing method: CT, µCT
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4.22 Pore space of Berea sandstone
Estimating permeability, conductivity, capillary pressure, and relative per-
meability of porous media is performed by Oren et al. in [41] for Berea sand-
stone. In this work, three different samples of Berea sandstone are analyzed:
one is obtained from µCT, another one with statistical reconstruction and
the third one with a process based model which is one of the contributins of
this paper. This process based model is computed using back-scattered elec-
tron images (BSE) of standard 2D petrographic thin sections. These images
are segmented and partitioned into discrete grains with an erosion-dilation
algorithm. Then an algorithm that simulates sedimentation is applied. In
these models there is the solid space composed by different kinds of grains
(quartz, clay, feldspar) and the pore space which is the intergranular zone.
To compute the mentioned parameters on the three samples, a network
of the pore space is constructed from an 1D skeleton [3]. Voxels of the 1D
sksleton that have neighbouring voxels from four or more different grains are
the nodes (pores) of the network. Voxels that have neighbouring voxels from
three different grains are the edges and define the flow paths between pores.
From this network, the coordination number is computed. To determine the
size of pores, a plane centred on the node is rotated 18 times and the distances
from the node to the solid space are computed. The highest distance defines
the radius of an inscribed sphere, i.e., the pore size. Pore throat sizes are
computed analogously.
• parameters computed: pore network, coordination number of a pore,
pore and throat sizes, permeability
• samples addressed or used as test: Berea sandstone. Size: 1283 with
voxel size 10 µm
• capturing method: µCT and two simulation methods: process-based
and statistical reconstruction
• centerline: 1D skeleton
• pore definition: voxels of the skeleton with 4 or more different neigh-
boring grains (vertices of the skeleton)
• network: G(V,E)), V are the pores and E the edges that consist of
voxels that have neighboring voxels from three different grains
23
4.23 Local geometrical analysis of a 3D pore network
Peyrin et al. [42][4] present an approach based on the medial axis, computed
with the method described in [48]. They perform a 3D topological analysis of
a local region of interest around each point of the medial axis and determine
4 classes of points: boundary, branching, regular (plates) and arc (rods).
• parameters computed: bone density, specific surface area, Tb.Th, Tb.N,
number of plate, rod and branching voxels
• samples addressed or used as test: human bone samples. Size: 6003
with voxel size 10.13 µm
• capturing method: synchrotron µCT
• centerline: 2D skeleton
4.24 Sea ice brine inclusions
Pringle et al.[47][15] use a medial axis approach to obtain a graph of pores
and throats. Due to the application in which they are interested, they take
into account the following properties: the fractional connectivity which is the
fraction of medial axis voxels on the top surface that are connected across
the sample to the bottom surface and the connected fraction which is the
fraction of pores centered at a given depth, that are connected to the upper
surface.
• parameters computed: connectivity, morphology, permeability frac-
tional connectivity and connected fraction
• samples addressed or used as test: sea ice brine inclusions. Size: 200×
500× 500 with voxel size 40 µm
• capturing method: µCT, synchrotron
• centerline: 1D skeleton (they do not specify the method used)
• network: graph with nodes (pores) and edges (throats)
24
4.25 Topological parameters predict mechanical prop-
erties
In [46] the 3D-line skeleton graph analysis (3D-LSGA) methodology is de-
scribed. From a 1D skeleton computed with a thinning method [45] they
obtain a graph which is analyzed by counting the number of connection
and termini vertices (Vc, Vt), connection and termini branches (Bc, Bt)
and loops (L). Then, they compute the following values |V | = |V c| + |V t|,
|B| = |Bc|+ |Bt| and |L| = 1− (|V |− |B|). In [46] they present a normaliza-
tion of these counters by the volume fraction BV/TV and conclude that have
high correlation with mechanical properties as: variability of Young’s mod-
ulus (elasticity modulus), shear modulus (rigidity modulus), V-stress and
H-stress. Similar results on other samples are presented in [43] and [44].
• parameters computed: mechanical properties related to elasticity and
rigidity
• samples addressed or used as test: human lumbar vertebrae L3. Size:
60× 512× 512 with voxel size 156 µm [44]
• capturing method: MR (micra resolution)
• centerline: 1D-skeleton
4.26 Identification of rod-like and plate-like trabeculae
Van Ruijven et al. [67] present a method to identify rod-like and plate-like
trabecula. It is based on counting the number of disjunct connections a tra-
becula has with surrounding bone and the number of disjunct bone-marrow
surfaces. A rod-like trabecula has two connections and one bone-marrow sur-
face. A plate-like trabecula has one connection and two surfaces. A junction
between a rod and a plate has two connections and two disjunct bone-marrow
surfaces. Other structures that can be identified are plate boundaries (one
connection and one bone-marrow surface), junctions between two plates (one
connection, three bone- marrow surfaces), and junctions between three rods
(three connections, one bone-marrow surface).
• parameters computed: plate/rod model
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• samples addressed or used as test: human mandible condyles (bone).
Size: 2703 with voxel size 18 µm
• capturing method: µCT
4.27 Granulometry based method and simulated mod-
els
Schulz et al. [53] present a method to characterize the pore morphology.
It is based on the concept of granulometry. It performs a morphological
opening using spheres of different increasing radius as structuring element
[18] in order to determine the pore size distribution and permeability. The
method is applied to polymer electrolyte fuel cells (PEFC).
• parameters computed: pore size distribution, permeability
• samples addressed or used as test: polymer electrolyte fuel cell, PEFC
(gas diffusion layer, GDL). reconstructed digital models of GDL using
a stochastic technique based on parameters from a real GDL obtained
by SEM
• capturing method: simulated models, scanning electron microscopy
(SEM)
4.28 Determination of wood anatomical characteris-
tics
Steppe et al. [58] use the software µCTAnalySIS (see Section 4.3 to analyze
wood vessels anatomical characteristics. They determine the inner vessel
diameter, the transverse cross-sectional surface area of the vessels, the vessel
density and the porosity. These measurements are obtained by studying 2D
sections of the captured sample and the technique applied is simple pixel
counting.
• parameters computed: porosity, vessels characteristics orientation of
pores
• samples addressed or used as test: sample sizes: 5 × 5 × 25mm with
voxel size 10 µm
• capturing method: µCT
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4.29 Minimal cost path based method
Schema et al. [52] [12] compute a minimal cost path with an optimization
method instead of the common curve (or 1D) skeleton. This path is the
shortest one that connects the centroids of two transects, which are connected
components of the intersection between the pore space of the sample and the
boundary of the voxel model. The set of all the extracted paths do not
represent the topology of the whole pore space and segments of the MA
passing through very narrow throats can be missed, but they are centered
with respect to the boundaries of the pore space and pass through points of
the medial axis. Moreover, this method is an order of magnitude faster than
thinning based methods.
Then, irregular polygons on planes perpendicular to the path are used
to approximate the cross-sections. The polygon with minimal area is the
representative section of each path segment.
From this set of minimal cost path, methods based on spheres positioning
or virtual porosimetry can be applied.
• parameters computed: connectivity, virtual porosimetry
• samples addressed or used as test: sedimentary rocks. Size: 3003 with
voxel size 10 µm
• capturing method: µCT
• centerline: set of minimal cost paths
4.30 Pore space morphology
Silin et al. present a method that is applied to chalk, tiatomite, tight gas
sands and coal at nanoscale resolution [63] and to a sedimentary rock as
Fontainebleau sandstone at a microscale resolution [54].
The method computes a skeleton with a method based on a distance map
presented by the same authors [54] and considers all the spheres centered at
points of the skeleton. Then computes the network (stick-and-ball diagram),
with an spheres-based heuristic. When two spheres overlap, a master-slave
relation is created (master is the sphere of larger radius and slave the sphere
with shorter radius). First, all masters with no masters are selected as pores.
Then, for the remaining spheres, all masters with masters are demoted to
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slaves and the heuristics continues with several cases: if a master is isolated
it becomes a pore together with its slaves; if two masters of the same radius
overlap, they become a pore; any slave with one master becomes part of its
master, and one slave(or set of slaves), S, with 2 masters as pore bodies are
connected via S, then S is the pore throat: a stick (edge) in the network.
• parameters computed: pore morphology (volumes and connectivity of
pores and throats), pores coordination number
• samples addressed or used as test: chalk, tiatomite, tight gas sands
and coal at nanoscale (0.05µm) resolution and size of 200× 450× 636
[63]; computed generated (spheres packing) with arbitrary size and
resolution and natural Fontainebleau sandstone with size 2003 [54]
• capturing method: Focused Ion Beam (FIB) technology [63]; Schlum-
berger synchrotron [54]
• centerline: 2D skeleton
• pore definition: pore bodies are the larger pore space openings where
most of the fluid is stored. To a large extent, pore bodies determine
the rock porosity. Pore throats are the narrow gateways that connect
the pore bodies and determine the rock permeability. In phantom ex-
amples, a pore body is an opening confined by 6 spheres and a throat
an opening in 3 tangential spheres
• network: stick and ball diagram
4.31 Pore modelling methodology
Stroeven et al. [21] use methods based on stereology, i.e., methods based on
1D and 2D observations that allow estimate 3D properties of concrete and
cement paste.
In [60] they present a method to make virtual concrete (compucrete).
There are two approaches. Random sequential (particle) addition (RSA)
algorithms generating granular packings of spheres or particles with other
idealized shapes. Most computer simulation systems fall in this category. The
second group is based on concurrent algorithms and involve the densification
of a fixed number of particles. See also [59].
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• parameters computed: porosity, pore morphology and network, con-
nectivity, permeability
• samples addressed or used as test: concrete, cement paste, simulated
cherry-pit models (ellipsoid aggregations)
• capturing method: no capturing, synthetic models
4.32 Computer aided tissue engineering (CATE)
Sun et al. create scaffold models [61][62][17]. After a non-invasive image
acquisition, a 3D voxel-based model of the tissue is created and, from it, a
scaffold model can be devised, analyzed and manufactured. This model is
analyzed with FEM methodology.
• parameters computed: mechanical properties, pore shape, size inter-
connectivity and distribution
• samples addressed and used as test: scaffolds
• capturing method: CT, µCT, SEM
4.33 Bone morphometry with plate-rod model
Stauber et al. [55][56][57] present a methodology to segment trabecular bone
into rod-like, plate-like or mixed regions. First a 2D skeleton, 2-voxel thick
and homotopic is computed [35]. Then, applying a conditional erosion, a
2D skeleton, 1-voxel thick is obtained. The resulting skeleton voxels are
classified following the topology stated in [49] that allows to classify all types
of voxels in a 2D skeleton embedded in a 3D voxelization. Then, after some
optimization features to eliminate noise and correct degeneracies, plates and
rods are identified from the previous classification. Finally, a dilation allows
to identify the volumetric extend of the identified elements.
• parameters computed: plate/rod model. Mean volume, surface and
thickness of plates and rods and relative size of the largest elements
• samples addressed and used as test: human bones: femoral head, iliac
crest, calcaneus, lumbar spines (L2, L4). Size: 43mm and resolution:
10µm (therefore the size of the dataset) would be 4003
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• capturing method: µCT
• centerline: 2D skeleton and voxel classification
4.34 Geometric parameters computation with Freeman
code
Trouillot et al. [65] describe a series of geometric parameters as well as
geometric transformations (rotation, symmetry) and Boolean operations of
a 2D binary image represented with Freeman code.
• parameters computed: perimeter, area, gravity center, radii of a shape,
circularity, maximal apparent diameter, minimum area encasing box,
Besicovitch asymmetry coefficient, fractal dimensions
4.35 Euler number and connectivity
Toriwaki et al.[64] present two methods to compute the Euler characteristic
(related with connectivity), based on counting the number of voxels, faces,
edges and vertices of a voxel model.They also consider different neighboring
relations between voxels.
• parameters computed: connectivity from a voxel model
4.36 Parameters computation with commercial pack-
ages
Tuan et al. [66] create a 3D model of the pore space with a region grow-
ing operation. They only compute the effective porosity and do not obtain
a network of the pore space. They use soft packages as Skyscan, Mimics,
CTan and 3D realistic visualization. CTan can compute various structural
bone parameters like the degree of anisotropy, Trabecular Bone Pattern Fac-
tor (TBPF), Structural Model Index (SMI), Euler number and trabecular
thickness.
• parameters computed: porosity, surface area, interconnectivity
• samples addressed or used as test: scaffolds, rabbit bone (osteochon-
drial model). Size: 120× 1968× 1968 with resolution of 35µm
• capturing method: µCT
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4.37 Numerical computation of the porosity
Vanis et al. [68] apply an algorithm based on the aggregation of voxels to
larger structures and consider each connected component to be a pore. They
use MC to calculate specific surface. They also use their surface meshes to
construct tetrahedral volume meshes for FEM simulation.
• parameters computed: porosity, specific surface area, connectivity
• samples addressed or used as test: calcium phosphate-based bone sub-
stitutions and porous NiTi. Size: 111˙06 with resolution between 2 and
5 µm
• capturing method: synchrotron µCT (SRµCT), beamline W2 at HA-
SYLAB/DESY.
• pore definition: the largest connected set of voxels (6-connectivity)
4.38 Computing the capillary pressure-saturation re-
lationship
Vogel et al. [69] compare three methods to determine the capillary pressure-
saturation relationship: Lattice-Boltzmann, Full-Morphology and Network-
Model. The Lattice-Boltzmann approach is a simulation tool based on a
numerical scheme that applies successive pressures. The Full-Morphology
approach is based on the application of successive openings with ordered
radii (granulometry).
The Network-Model approach applies also granulometry to compute the
pore size distribution and the connectivity is computed by the Euler number
with the method presented in [38] which is based on the Euler expression
computed on a voxel model. They apply a complete morphological analysis
described in [70] and [71] in which they represent the pore space as a set of
cylindrical tubes arranged on a regular grid that present the same pore size
distribution and connectivity that the pore space analyzed. Then, a pressure-
saturation process is simulated on this model to compute the permeability
in a way similar to that explained in 4.6.
• parameters computed: pore size distribution, connectivity
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• samples addressed or used as test: sintered borosilicate glass Size: 983
with 15 µm
• capturing method: µCT
4.39 Connectivity computation
Wessels et al. [73] perform a comparison of the connectivity computation di-
rectly from a 3D voxel model or histomorphometrically (using several slices).
They compute a 1D skeleton with a thinning approach developed by them-
selves. They apply their method to the whole 3D voxel model and analyze
the corresponding graph. Then select randomly several slices and compute
also the skeleton of each slice. They show for several samples that there is
a correlation between the results of the 3D method and the 2D method but
that connections that exist in 3D can be missed in 2D.
• parameters computed: Euler characteristic, connectivity
• samples addressed or used as test: human cancellous bone (iliac crest).
Size: 69× 69× 58µm with resolution of 69µm
• capturing method: MRI.
• centerline: 1D skeleton
4.40 Morphology and topology of microvascular struc-
tures
Winter et al. [74] present a method to quantify morphology and topology. A
1D skeleton is computed using the method in [33] and they apply isotropic
(usual) skeletonization and also anisotropic skeletonization which is sensitive
to voxel size. The corresponding graph is used to estimate the number of
vessels that continue outside or that end in the sample. They also count the
number of line elements in any junction point (coordination number).
• parameters computed: degree of coverage of microvessels, compactness,
coordination number
• samples addressed or used as test: microvascular structures
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• capturing method: CLSM (confocal laser scanning microscopy).
• centerline, 1D skeleton, 2D skeleton, no skeleton: 1D skeleton
• network: every voxel of the skeleton is a node and arcs are put between
neighboring nodes. Then, redundant arcs are eliminated
5 Summary
The structural parameters that most appear in the literature are the connec-
tivity and related ones and the modelization of solid or pore spaces in order
to obtain pore sizes, interconnectivity and permeability.
5.1 Connectivity
Connectivity can be computed using the Euler characteristic from a voxel
model as in [36][40][69] (see Sections 4.19, 4.21 and 4.38) using methods
similar to those presented in [64] (see Section 4.35) or from a triangulated
surface [27] (see Section 4.14).
There are approaches that relate connectivity with the mean and Gaus-
sian curvatures [23] (see Section 4.13) while others compute parameters as
trabecular bone factor and marrow star volume [7] that also are related with
the connectivity (see Section 4.5).
Other methods obtain mechanical properties, related to the connectivity
by first computing an skeleton of the phase of interest. In [44] a 3D-line skele-
ton graph analysis (LSGA) is presented that relates mechanical properties
with the graph obtained from a curve (1D) skeleton (see Section 4.25) and
in [73] also a 1D skeleton (with the corresponding graph) is computed from
the 3D model as well as from several slices of the model in order to compare
the results (see Section 4.39).
Finally some approaches are based on the computation of a 2D skeleton
that allows to derive a so-called plate/rod model [16][67][42][56] (see Sections
4.8, 4.26, 4.23 and 4.33 respectively). The quantification of plate and rod
regions also is a measure of the connectivity of the sample.
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5.2 Solid or pore spaces morphology
Methods to represent the pore or solid spaces can be classified in different
ways. A first way is based on the fact that most methods use an skeleton
computed in a preproces. There are methods that compute a 1D skeleton
and others based on a 2D skeleton. Both methodologies use this skeleton
to derive a graph which represents the network of pores. There is another
possible classification based on the methodology use. In the reported bibli-
ography there are methods that use a granulometry approach while others
use the local maxima given by the (normally 2D) skeleton to apply virtual
porosimetry or morphological based methods.
The approaches based on 1D skeletons are mainly concerned with the
identification of throats [30][31] (see Sections 4.17 and 4.18) and that also
compute the coordination number. The computed pores and throats graph is
used in [47] to compute skeleton voxels on the top surface that are connected
across the sample to the bottom surface and the fraction of pores centered at
a given depth, that are connected to the upper surface (see Section 4.24). In
[41] the computed graph is used to estimate permeability and other related
measures. Approaches concerned with vessels or similar tubular structures
are also based on the 1D sksleton. In [74] microvascular structures are mod-
elized with the corresponding graph that is used to estimate the number
of vessels that continue outside or that end in the sample as well as the
coordination number (see Section 4.40).
Methods that rely on the previous computation of a 2D skeleton can ap-
ply porosimetry based methodology to devise a pore network that can be
considered of cylindrical pores and then apply the Poiseuille’s law to com-
pute the permeability [8][13] (see Sections 4.6 and 4.7). Other methods fol-
low approaches based on recovering the pore space with overlapping spheres
[5][54](see Sections 4.4 and 4.30).
A related method [52] computes minimal cost paths (each path connects
points on the boundary of the sample) instead of the 1D skeleton in such
a way that methods based on porosimetry as well as on positioning spheres
can be applied (see Section 4.29).
Methods based on granulometry do not compute a graph. These methods
perform morphological openings to obtain a pore-size distribution and do not
need to compute a skeleton in a preprocess [6][20][53][69] (see Sections 4.3,
4.9, 4.27 and 4.38).
There is a method that simply considers that each connected component
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is a pore [68] (see Section 4.37). Another method computes an approximation
of the pore space with a graph of cylinders or spheres[37] (see Section 4.20).
They do not generate any network.
Finally there are several methods that synthesize models. A grid of
spheres is used in [1] to model the pore space and compute the permeabil-
ity (see Section 4.1). A grid of spheres is also used for a molecular model
in [2] in order to compute its surface geometry and area (see Section 4.2).
The pore space is modeled with sthocastic simulation in [22] and then a
partition is performed in order to compute the neck area and coordination
number (see Section 4.11). Virtual concrete is generated in [60] to compute
the permeability and other parameters (see Section 4.31).
5.3 Other parameters and methodologies
In [26] a method based on the 3D-line skeleton graph analysis is used to
compute mass and thickness anisotropy of trabeculae (see Section 4.15). A
global study of bone parameters and how they contribute the bone quality
evaluation is presented in [24] (see Section 4.12). A complete CATE process
is performed in the work discussed in Section 4.32. Software packages as
Mimics, Skyscan, CTan and other are used in several works (see Sections 4.32
and 4.36) and visual analysis is proposed in the works reported in Sections
4.10 and 4.16.
6 Acknowledgments
This work has been partially supported by the national project TIN2008-
02903 and the project 02-1/07 of the Institute for Bioengineering of Catalonia
(IBEC).
35
References
[1] R. C. Acharya, S. van der Zee, and A. Leijnse. Porosity permeability
properties generated with a new 2-parameter 3D hydraulic pore-network
model for consolidated and unconsolidated porous media. Advances in
water resources, 27:707 – 723, 2004.
[2] C. Bajaj, R. A. Chowdhury, and M. Rasheed. A dynamic data struc-
ture for flexible molecular maintenance and informatics. In Proc. 2009
SIAM/ACM Joint Conference on Geometric and Physical Modeling,
pages 259 – 270, 2009.
[3] S. Bakke and P. E. Øren. 3d pore space modelling of sandstones and
flow simulations in the pore networks. SPE Journal, 2:136 – 149, 1997.
[4] A. Bonnassie, F. Peyrin, and D. Attali. A New Method for Analyz-
ing Local Shape in Three-Dimensional Images Based on Medial Axis
Transformation. IEEE Transactions os Sustems, Man and Cybernetics:
Cybernetics, 33(4):700 – 705, 2003.
[5] T. Van Cleynenbreugel. Porous scaffolds for the replacement of large
bone defects. a biomechanical design study. PhD thesis, Katholieke Uni-
versiteit Leuven, 2005.
[6] V. Cnudde, A. Cwirzen, B. Maddchaele, and P. J. S. Jacobs. Porosity
and microstructure characterization of building stones and concretes.
Engineering geology, 103:76 – 83, 2009.
[7] B. Cortet and X. Marchandise. Bone microarchitecture and mechanical
resistance. Joint Bone Spine, 68:297 – 305, 2001.
[8] J.F. Delerue, S.V. Lomov, R.S. Parnas, I. Verpoest, and M. Wevers. Pore
network modeling of permeability for textile reinforcements. Polymer
Composites, 24(3):244 – 357, 2003.
[9] J.F. Delerue, E. Perrier, A. Timmerman, and M. Rieu. New computer
tools to quantify 3D porous structures in relation with hidraulic prop-
erties. In Modelling of transport process in solids, pages 153 – 163.
Wageningen Press, 1999.
36
[10] J.F. Delerue, E. Perrier, Z.Y. Yu, and B. Velde. New algorithms in 3D
image analysis and their applications to the measurement of a spatialized
pore size distribution in soils. Physics and Chemistry of the Earth,
24(7):639 – 644, 1999.
[11] F.A.L. Dullien. Porous Media: Fluid transport and pore structure. Aca-
demic Press, 1992.
[12] S. Favretto. Applications of x-ray computed microtomography to material
science: devices and prespectives. PhD thesis, Universit degli studi di
Trieste, 2007.
[13] E. J. Garboczi, D. P. Bentz, and N. S. Martys. Methods in the physics
of porous media, volume 35, chapter Digital images and computer mod-
eling, pages 1 – 41. Academic Press, 1999.
[14] P. L. George and H. Borouchaki. Delaunay Triangulation and Meshing.
Hermes, Paris, 1998.
[15] K. M. Golden, H. Eicken, A. L. Heaton, J. Miner, D. J. Pringle, and
J. Zhu1. Thermal evolution of permeability and microstructure in sea
ice. Geophysical Research Letters, 2007.
[16] B.R. Gomberg, P. K. Saha, H. K. Song, S. N. Hwang, and F. W. Wehrli.
Topological analysis of trabecular bone MR images. IEEE Trans. Med-
ical Imaging, 19(3):166 – 174, 2000.
[17] C. Gomez, A. Shokoufandeh, and W. Sun. Unit-Cell Based Design and
Modeling in Tissue Engineering Applications. Computer-Aided Design
and Applications, 4(5):649 – 559, 2007.
[18] R.C. Gonzalez and R.E. Woods. Digital image processing. Addison-
Wesley, 1992.
[19] J. A. Hedstrom, M. F. Toney, E. Huang, H. Kim, W. Volksen, T. Mag-
bitang, and R. Miller. Pore morphologies in disordered nanoporous thin
films. Langmuir. The ACS Journal of Surfaces and Colloids, 20(5):1535
1538, 2004.
[20] M. Hilpert and C. T. Miller. Pore-morphology-based simulation of
drainage in totally wetting porous media. Advances in water resources,
24:243 – 255, 2001.
37
[21] J. Hu and P. Stroeven. Size Characterisation of Pore Structure for
Estimating Transport Properties of Cement Paste. Heron, 50(1):41 –
54, 2005.
[22] M. A. Ioannidis and I. Chatzis. On the Geometry and Topology of
3D Stochastic Porous Media. Journal of Colloid and Interface Science,
229:323 – 334, 2000.
[23] H. Jinnai, H. Watashiba, T. Kajihara, Y. Nishikawa, M. Takahashi, and
M. Ito. Surface curvatures of trabecular bone microarchitecture. Bone,
30(1):191 – 194, 2002.
[24] S. Judex, S. Boyd, Y. Qin, L. Miller, R. Mu¨ller, and C. Rubin. Combin-
ing High-resolution Micro-computed Tomography with Material Com-
position to Define the Quality of Bone Tissue. Current Osteoporosis
Reports, 1:11 – 19, 2003.
[25] J. H. Kinney, J. S. Stolken, T. S. Smith, J. T. Ryaby, and N. E. Lane.
An orientation distribution function for trabecular bone. Bone, 36:193
– 201, 2005.
[26] T. Klein, M. Strengert, S. Stegmaier, and T. Ertl. Exploiting frame-
to-frame coherence for accelerating high-quality volume raycasting on
graphics hardware. In IEEE Visualization ’05, pages 123–230, 2005.
[27] S.F. Konkle, P.J. Moran, B. Hamann, and K.I. Joy. Fast methods for
computing isisurface topology with Betti numbers. In F. Post, G.M.
Nielsen, and G. P. Bonneau, editors, Data Visualization: the sate of the
art proceedings Dagstuhl Seminar on Scientific Visualization, pages 363
– 376. Kluwer Academic Publishers, 2003.
[28] S. G. Lee, A. M. Gokhale, and A. Sreeranganathan. Reconstruction
and visualization of complex 3D pore morphologies in a high-pressure
die-cast magnesium alloy. Materials Science and Engineering, A 427:92
– 98, 2006.
[29] T.C. Lee, R.L. Kashyap, and C.N. Chu. Building skeleton models via
3-D medial surface/axis thinning algorithms. CVGIP: Graphical Models
and Image Processing, 56(6):462–478, November 1994.
38
[30] Z. Liang, M. A. Ioannidis, and I. Chatzis. Geometric and Topological
Analysis of Three-Dimensional Porous Media: Pore Space Partitioning
Based on Morphological Skeletonization. Journal of Colloid and Inter-
face Science, 221:13 – 24, 2000.
[31] W. B. Lindquist and A. Venkatarangan. Investigating 3D Geometry of
Porous Media from High Resolution Images. Phys. Chem. Earth (A),
25(7):593 – 599, 1999.
[32] W. B. Lindquist, A. Venkatarangan, J. Dunsmuir, and T. Wong.
Pore and throat size distributions measured from synchrotron x-ray
tomographic images of fontainebleau sandstones. J. Geophys. Res.,
105(B9):21509 – 21527, 2000.
[33] C. M. Ma and M. Sonka. A fully parallel 3D thinning algorithm and its
applications. Computer Vision and Image Understanding, 64(3):420 –
433, 1996.
[34] M. Mantyla. An Introduction to Solid Modeling. Computer Science
Press, 1988.
[35] A. Manzanera, T.M. Bernard, F. Preˆteux, and B. Longuet. Medial faces
from a concise 3D thinning algorithm. In Proc. 7th IEEE Int. Conf. on
Computer Vision, pages 337–343, 1999.
[36] E. Mart´ın-Badosa, A. Elmoutaouakkil, S. Nuzzo, D. Amblard, L. Vico,
and F. Peyrin. A method for the automatic characterization of bone ar-
chitecture in 3D mice microtomographic images. Computerized Medical
Imaging and Graphics, 27:447–458, 2003.
[37] O. Monga, F. N. Ngom, and J. F. Delerue. Representing geometric
structures in 3D tomography soil images: Application to pore-space
modeling. Computers Geosciences, 33:1140 – 1161, 2007.
[38] W. Nagel, J. Ohser, and K. Pischang. An integral-geometric approach
for the Euler-Pointcare´ characteristic of spatial images. Journal of Mi-
croscopy, 198:54 – 62, 2000.
[39] A. Odgaard. Three-dimensional methods for quantification of cancellous
bone architecture. Bone, 20(4):315 – 328, 1997.
39
[40] A. Odgaard and H. J. Gundersen. Quantification of Connectivity in
Cancellous Bone, with Special Enphasis on 3-D Reconstructions. Bone,
14:173 – 182, 1993.
[41] P. Øren and S. Bakke. Reconstruction of berea sandstone and pore-scale
modelling of wettability effects. J. of Petroleum Science and Engineer-
ing, 39:177 – 199, 2003.
[42] F. Peyrin, Z. Peter, A. Larrue, A. Bonnassie, and D. Attali. Local
geometrical analysis of 3D porous network based on medial axis: Ap-
plication to bone micro-architecture microtomography images. Image
Analysis and Stereology, 26(3):179 – 185, 2007.
[43] L. Pothuaud, A. Laib, P. Levitz, C. L. Benhamou, and S. Majumdar.
Three-Dimensional Line Skeleton Graph Analysis of High-Resolution
Magnetic Resonance Images: A Validation Study From 34-µm Reso-
lution Microcomputed Tomography. Journal of Bone and Mineral Re-
search, 17(10):1883 – 1895, 2002.
[44] L. Pothuaud, D. C. Newitt, Y. Lu, B. MacDonald, and S. Majumdar. In
vivo application of 3d-line skeleton graph analysis (lsga) technique with
high-resolution magnetic resonance imaging of trabecular bone struc-
ture. Osteoporos Int., 15:411 – 419, 2004.
[45] L. Pothuaud, P. Porion, E. Lespessailles, C. L. Benhamou, and P. Levitz.
A new method for three-dimensional skeleton graph analysis of porous
media: application to trabecular bone microarchitecture. Journal of
Microscopy, 199(2):149 – 161, 2000.
[46] L. Pothuaud, B. V. Rietbargen, L. Mosekilde, O. Beuf, P. Levitz, C. L.
Benhamou, and S. Majumdar. Combination of topological paramaters
and bone volume fraction better predicts the mechanical properties of
trabecular bone. Journal of Biomechanics, 35:1091 – 1099, 2002.
[47] D. Pringle, R. Glantz, J. Miner, H. Eicken, and M. Hilpert.
Sea ice brine inclusions: new insights from x-ray CT and
connectivity analysis. In Proceedings of IUGG XXIV. IUGG
XXIV. Perugia., 2007. http://www.gi.alaska.edu/snowice/sea-lake-
ice/papers/07PGMEH IUGG.pdf.
40
[48] E. Remy and E. Thiel. Medial axis for chamfer distances: computing
look-up tables and neighborhoods in 2D or 3D. Pattern Recognition
Letters, 23:649 – 661, 2002.
[49] P.K. Saha and B. B. Chaudhuri. 3D digital topology under binary trans-
formation with applications. Computer Vision and Image Understand-
ing, 63(3):418 – 429, 1996.
[50] P.K. Saha, B. B. Chaudhuri, and D.D. Majumder. A new shape pre-
serving parallel thinning algorithm for 3D digital images. Pattern recog-
nition, 30(12):1939 – 1955, 1997.
[51] P.K. Saha, B. R. Gomberg, and F. W. Wehrli. Three-Dimensional Dig-
ital Topological Characterization of Cancelous Bone Architecture. Int.
J. Imaging Syst. Technol., 11:81 – 90, 2000.
[52] G. Schema and S. Favretto. Pore space network characterization with
sub-voxel definition. Transp. Porous Media, 70:181 – 190, 2007.
[53] W.P. Schulz, J. Becker, A. Wiegmann, P. P. Mukherjee, and C. Wang.
Modeling of two-phase behavior in the gas diffusion medium of PEFCs
via full morphology approach. Journal of The Electrochemical Society,
154(4):B419–B426, 2007.
[54] D. B. Silin, G. Jin, and T. W. Patzek. Robust determination of the pore
space morphology in sedimentary rocks. Journal of Petroleum Technol-
ogy, pages 69 – 70, 2004.
[55] M. Stauber. Volumetric spatial decomposition of porous microstructures.
A framework for element based analysis of trabecular bone. PhD thesis,
Swiss Federal Institute of Technology. Zurich, 2005.
[56] M. Stauber and R. Mu¨ller. Volumetric spatial decomposition of trabec-
ular bone into rods and plates: A new method for local bone morphom-
etry. Bone, 38(4):475 – 484, 2006.
[57] M. Stauber, L. Rapillard, G. H. van Lenthe, P. Zysset, and R. Mu¨ller.
Importance of individual rods and plates in the assessment of bone qual-
ity and their contribution to bone stiffness. J. Bone and Mineral Re-
search, 21(4):586 – 595, 2006.
41
[58] K. Steppe, V. Cnudde, C. Girard, R. Lemeur, J.P. Cnudde, and P. Ja-
cobs. Use of x-ray computer microtomography for non-invasive determi-
nation of wood anatonical characteristics. Journal of Structural Biology,
148(1), 11 - 21 2004.
[59] P. Stroeven and Z. Guo. Modern routes to explore concrete’s complex
pore space. Image Anal Stereol, 25(2):75 – 86, 2006.
[60] P. Stroeven, L. J. Sluys, Z. Guo, and M. Stroeven. Virtual Reality
Studies of Concrete. Forma, 21:227 – 242, 2006.
[61] W. Sun, A. Darling, B. Starly, and J. Nam. Computer-aided tissue en-
gineering: overview, scope and challenges. Biotechnol. Appl. Biochem.,
39:29 – 47, 2004.
[62] W. Sun, B. Starly, J. Nam, and A. Darling. Bio-CAD modeling and
its applications in computer-aided tissue engineering. Computer-Aided
Design, 37(11):1097–1114, 2005.
[63] L. Tomutsa and D. Silin. Nanoscale pore imaging and pore scale fluid
flow modeling in chalk. Technical Report LBNL-56266, Lawrence Berke-
ley National Laboratory, 2004.
[64] J. Toriwaki and T. Yonekura. Euler number and connectivity indexes
of a three dimensional digital picture. Forma, 17:183 – 209, 2002.
[65] X. Trouillot, M. Jourlin, and J.C. Pinoli. Geometric parameters compu-
tation with Freeman code. In Proc. Int. Congres for Stereology, pages
72 – 78, 2007.
[66] H. S. Tuan and D. W. Hutmacher. Application of micro CT and com-
putation modeling in bone tissue engineering. Computer-Aided Design,
37(11):1151–1161, 2005.
[67] L.J. van Ruijven, E.B.W. Giesen, L. Mulder, M. Farella, and T.M.G.J.
van Eijden. The effect of bone loss on rod-like and plate-like trabeculae
in the cancellous bone of the mandibular condyle. Bone, 36:1078 – 1085,
2005.
[68] S. Vanis, O. Rheinbach, A. Klawonn, O. Prymak, and M. Epple. Nu-
merical computation of the porosity of bone substitution materials from
42
synchrotron micro computer tomographic data. Materialwissenschaft
und Werkstofftechnik, 37(6):469–473, 2006.
[69] H. J. Vogel, J. To¨lke, V.P. Schulz, M. Krafczyk, and K. Roth. Com-
parison of a lattice-boltzmann model, a full-morphology model, and a
pore network model for determining capillary pressuresaturation rela-
tionships. Vadose Zone Journal, 4:380 –388, 2005.
[70] H.J. Vogel and K. Roth. A new approach for determining effective soil
hydraulic functions. European Journal of Soil Science, 49:547 – 556,
1998.
[71] H.J. Vogel and K. Roth. Quantitative morphology and network repre-
sentation of soil pore structure. Advances in Water Resources, 24:233 –
242, 2001.
[72] F.W. Wehrli, B.R. Gomberg, P.K. Saha, H.K. Song, S. N. Hwang, and
P. J. Snyder. Digital Topological Analysis of In Vivo Magnetic Reso-
nance Microimages of Trabecular Bone Reveals Structural Implications
of Osteoporosis. Journal of Bone and Mineral Research, 16(8):1520 –
1531, 2001.
[73] M. Wessels, R.p. Mason, P. P. Antich, J. E. Zerwekh, and Y. C. Pak.
Connectivity in human cancellous bone by three-dimensional magnetic
resonance micrscopy. Medical Physics, 24(9):1409 – 1420, 1997.
[74] K. Winter, L. Metz, J. Kuska, and B. Frerich. Characteristic quantities
of microvascular structures in clsm volume datasets. IEEE Trans. on
Medical Imaging, 26(8):1103 – 1114, 2007.
[75] A. Yang, C. T. Miller, and L. D. Turcoliver. Simulation of correlated and
uncorrelated packing of random size spheres. Phys. Rev. E, 53(2):1516
– 24, 1996.
[76] Z. Y. Yu, J. F. Delerue, and S. D. Ma. 3D euclidean distance trans-
formation. In Proc. of the International Symposium on Image, Speech,
Signal Processing and Robotics, pages 67 – 72, 1998.
43
